Two slow-growing, Gram-negative, non-motile, non-spore-forming, coccoid bacteria (strains F60 T and F965), isolated in Austria from mandibular lymph nodes of two red foxes (Vulpes vulpes), were subjected to a polyphasic taxonomic analysis. In a recent study, both isolates were assigned to the genus Brucella but could not be attributed to any of the existing species. Hence, we have analysed both strains in further detail to determine their exact taxonomic position and genetic relatedness to other members of the genus Brucella. The genome sizes of F60 T and F965 were 3 236 779 and 3 237 765 bp, respectively. Each genome consisted of two chromosomes, with a DNA G+C content of 57.2 %. A genome-to-genome distance of .80 %, an average nucleotide identity (ANI) of 97 % and an average amino acid identity (AAI) of 98 % compared with the type species Brucella melitensis confirmed affiliation to the genus. Remarkably, 5 % of the entire genetic information of both strains was of non-Brucella origin, including as-yet uncharacterized bacteriophages and insertion sequences as well as ABC transporters and other genes of metabolic function from various soil-living bacteria. Core-genome-based phylogenetic reconstructions placed the novel species well separated from all hitherto-described species of the genus Brucella, forming a long-branched sister clade to the classical species of Brucella. In summary, based on phenotypic and molecular data, we conclude that strains F60 T and F965 are members of a novel species of the genus Brucella, for which the name Brucella vulpis sp. nov. is proposed, with the type strain F60 T (5BCCN 09-2 T 5DSM 101715 T ).
The genus Brucella, established in 1920 by Meyer and Shaw, currently consists of 11 species and can be divided into the 'classical species' (Brucella melitensis, B. abortus, B. suis, B. canis, B. ovis, B. neotomae, B. ceti, B. pinnipedialis and B. papionis) and the so-called 'atypical species', Brucella microti and B. inopinata, as well as a set of as-yet unclassified isolates. For detailed species descriptions see http://www.bacterio.net/brucella.html. Classical species of Brucella are fastidious and slow-growing facultatively intracellular bacteria with limited metabolic activity, whereas B. microti and B. inopinata are fast-growing bacteria that exhibit high metabolic activity and biochemical profiles similar to those of members of the genus Ochrobactrum, the closest genetic neighbour within the family Brucellaceae (Al .
B. microti was initially isolated from the common vole, Microtus arvalis (Hubálek et al., 2007; Scholz et al., 2008a) , and subsequently isolated from red foxes (Scholz et al., 2009) and directly from soil (Scholz et al., 2008b) . Only one strain of B. inopinata has been isolated, recovered from a breast-implant infection of a 71-year-old woman with a clinical picture consistent with brucellosis (De et al., 2008; Scholz et al., 2010) . Because of their high metabolic activity, B. microti and B. inopinata are commonly misidentified as Ochrobactrum in commercially available biochemical test systems such as API 20NE (bioMérieux). The most recently described species, B. papionis, was isolated from a primate stillbirth (Whatmore et al., 2014) . B. papionis is genetically most closely related to B. ovis, and growth is comparable to that of classical species of Brucella.
All species of Brucella are genetically closely related, with genome similarities of .90 % at the nucleotide level. Whereas the classical species (including B. microti) exhibit identical 16S rRNA and recA gene sequences, B. inopinata and B. papionis show a few differences (2-3 nt). Beside this close genetic relatedness, species can be clearly separated from each other by highly discriminating molecular techniques such as multilocus sequence analysis, multiple-locus VNTR analysis or multiple polymorphismbased PCRs such as the conventional Bruce-ladder PCR (Scholz & Vergnaud, 2013) .
Within the last few years, potential novel species of Brucella have been isolated from various sources, including rodents (Tiller et al., 2010) , different frog species (Eisenberg et al., 2012; Fischer et al., 2012; Whatmore et al., 2015) , red foxes (Hofer et al., 2012) and a blue dotted ray (T. Eisenberg and H. C. Scholz, unpublished data) , and are awaiting final genus affiliation. Although genome similarities of these potential novel species of Brucella are still above 90 % compared with classical species (Wattam et al., 2009; this study) , the majority of these novel candidates carries genetic information not found in classical species but similar to genetic information found in other soil-living bacteria, such as Ochrobactrum, Paracoccus denitrificans, Agrobacterium and Sinorhizobium. This suggests a different ecology and extended exchange of genetic material via horizontal gene transfer and/or loss of genetic information and genome reduction in the classical Brucella species.
In the present study, we characterized two bacterial strains (F60 T and F965) that were isolated in 2008 from mandibular lymph nodes of two red foxes hunted in a district of Lower Austria within approximately 2 km of each other. A previous study showed that the two strains were indistinguishable and most closely related to members of the genus Brucella (Hofer et al., 2012) . However, the phenotypic properties of strains F60
T and F965 were only partially consistent with the genus Brucella, and molecular analyses suggested that the two strains may represent a novel species of the genus Brucella.
Consequently, in the present study, additional phenotypic analyses and whole-genome sequencing of both strains were conducted to determine their taxonomic position and relatedness to other members of the genus. Our analyses confirm that strains F60
T and F965 belong to a single novel species of the genus Brucella.
The phenotypes of both strains were described partially in a previous work (Hofer et al., 2012) . In contrast to the other atypical species of Brucella, B. inopinata and B. microti, strains F60
T and F965 are characterized by very limited metabolic reactivity, especially in sugar metabolism. In API 20NE (bioMérieux), only urease was positive (API code 0200000) with uncertain identification as 'Brucella sp.'. The key reactions typical of brucellae, e.g. H-hydroxyproline-bNA (HP: +), Glu(pNA)-OH (ENAOH: 2) and Pyr-pNA (PYRNA: 2), clearly allocated the fox isolates to the genus Brucella. However, negative nitrate reductase and negative oxidase reactions were atypical traits. Detailed information about the metabolic activity of the novel strains is given in Table 1 , and a short summary of the most important results is given in the species description. Hierarchical cluster analysis performed by Ward's linkage algorithm positioned the novel strains close to B. canis, B. ovis, B. papionis and the marine mammal brucellae B. ceti and B. pinnipedialis (Fig. S1 , available in the online Supplementary Material).
To complete the phenotypic analysis, lysotyping with Brucella-specific phages and electron microscopy was performed in the present study. Brucella lysotyping followed standard procedures (Alton et al., 1975; Corbel, 1987; Sambrook & Russell, 2001) . Spot activity tests were performed using the virulent reference phages Tb, Fi, Bk2, Wb, R/C, Iz, F1 and F25. Five millilitres pre-warmed Brucella-broth soft agar (0.7 %) was mixed with 200 ml of each strain and poured onto Brucella agar plates. Ten-microlitre aliquots of 1 : 10 serial dilutions of the phage lysates were dropped onto the overlay agar. Agar plates were inspected visually after 24 and 48 h of incubation at 37 8C. Results of the lytic activity of the Brucella reference phages applied to the novel strains are given in Table S1 . Except for R/C, all investigated Brucella phages exhibited strong lytic activity against both strains. The observed phage plaques Table 1 . Metabolic activity of the novel species in comparison with classical and recently described species tested with the Micronaut BfR Brucella assay Taxa: 1, B. abortus; 2, B. melitensis; 3, B. suis; 4, B. ovis; 5, B. canis; 6, B. neotomae; 7, B. ceti; 8, B. pinnipedialis (Al ; 9, B. microti (Scholz et al., 2008a) ; 10, B. inopinata ; 11, B. papionis (Whatmore et al., 2014) ; 12, B. vulpis sp. nov. 2, No metabolic activity; +, metabolic activity; V, variable metabolic activity. Brucella-specific traits are shown in bold, and potentially distinctive features of the novel species are in brackets.
Substrate designation 1 2 3 4 5 6 7 8 9 10 11 12
Aminopeptidases with pNA D-Ala-pNA (DANA)
2 2 2 2 2 2 2 2 2 2 2 2 Pyr-pNA (PYRNA) 2 2 2 2 2 2 2 2 2 2 2 2 Aminopeptidases with bNA H-Hydroxyproline-bNA (HP) + + + + + + + + + + 2 + Leu-bNA (lL) 2 2 2 2 2 2 2 2 2 2 2 2 Lys-bNA (K)
Gly-Gly-bNA (GG) + + + + + 2 + + + + + + Pro-bNA (P)
2 2 2 2 2 2 2 2 2 2 2 2 Glu-bNA (E) 2 2 2 2 2 2 2 2 2 2 2 2 Pyr-bNA (Pyr) 2 2 2 2 2 2 2 2 2 2 2 2 b-Ala-bNA (bA) 2 2 2 2 2 2 2 2 2 2 2 2 H-Val-4MbNA (V4M) 2 2 2 2 2 2 2 2 2 2 2 2 Phosphatases bis-p-Nitrophenyl phosphate (BISPH7) 2 2 V 2 2 2 2 2 + + 2 2 p-Nitrophenyl phosphate di(2-amino-2-ethyl-1,3-propanediol) (PHOS7) 2 2 2 2 2 2 2 2 + + 2 2 Substrate designation 1 2 3 4 5 6 7 8 9 10 11 12
Acetate (Acet) 2 2 + + + + 2 2 + + + V Gallic acid (Galli)
2 2 2 2 2 2 2 2 2 + 2 V Adipic acid (2Adipa) 2 2 V 2 + 2 + 2 + + 2 2 Fumaric acid (Fuma) 2 2 2 2 2 2 2 2 + + 2 2 Glycolic acid (Glyc) 2 2 2 2 2 2 2 2 2 + 2 2 Glutaric acid (Gluta) 2 2 2 2 2 2 2 2 + + V 2 Mesaconic acid (Mesac) 2 2 2 2 2 2 2 2 + 2 2 2 Amino acid derivatives Sodium acetyl-L-arginine (AcArg) 2 2 + 2 + 2 2 2 V + 2 V Adenine (Adeni)
2 V 2 2 2 2 2 2 + + 2 2 Glycine (Gly) 2 2 2 2 2 2 2 2 + + 2 2 L-Proline (L-Pro) 2 + 2 2 2 2 2 2 + + 2 2 D-Proline (D-Pro) 2 + 2 2 2 2 2 2 + + 2 2 D-Serine (D-Ser) 2 + 2 2 2 2 2 2 2 2 2 V D-Histidine (D-His) 2 2 2 2 2 2 2 2 2 + 2 2 Peptides Ala-Gln (AlaGln) V 2 2 2 2 2 2 2 + V 2 2 L-Carnosine (L-Caro) 2 2 V 2 2 2 2 2 + + 2 2 Hippuryl-Arg (HipArg) 2 2 V 2 V 2 2 2 V + 2 2 Classical reactions Nitrite (NTI) 2 2 2 2 2 2 2 2 + + 2 2 Nitrate (NTA)
V + V 2 2 + + + + V + V Voges-Proskauer (VP) + + V 2 + + + + + + + + Urease (urease) + + + + + + + + + + + + Hydrogen sulfide (H2S) 2 2 V 2 2 2 2 2 + + 2 2 were 1-2 mm in diameter and clear. Cell shape and flagellation were determined by scanning electron microscopy. Bacteria were fixed in 1 % glutaraldehyde and 4 % formaldehyde in 0.05 M PIPES buffer, dehydrated in an ascending ethanol series, dried with hexamethyldisilazane and sputter-coated with gold/palladium. Images were acquired using a Zeiss Supra 40 electron microscope. Cells of the novel strains were arranged singly (Fig. 1a ) or in clusters (Fig. 1b) , unflagellated, about 800 nm long and 300 nm in diameter. Polar flagella were clearly visible on cells of Ochrobactrum anthropi LMG 3331 T (Fig. 1c) , the type strain of the type species of the phylogenetically closest genus.
Previous 16S rRNA gene sequencing of strains F60 T and F965 revealed 3 nt differences (99.8 % identity) compared with the consensus sequence of the classical Brucella species (Hofer et al., 2012) . Both strains were positive for the Brucella-specific genetic markers bcsp31 and IS711, clearly allocating them to the genus Brucella.
In this study, the genome sequences of both strains were determined using the PacBio (Pacific Biosciences) and Illumina sequencing platforms. Briefly, DNA was extracted using a Qiagen spin column kit, and genome sequencing was then carried out by a sequencing company (GATC, Konstanz, Germany). Assembly of the PacBio-generated reads (1 SMRT cell) was done using the freely available SMRT Analysis software (version 2.3.0; http://www.pacb. com/devnet/) and the HGAP3 algorithm with a read-length minimum of 2500 bp. Illumina 300 bp paired-end reads were assembled using the CLC BIO genomic workbench software suite (http://www.clcbio.com). The PacBio sequencing technology allowed the generation of single contigs for the two chromosomes of strain F60
T . These sequences were used as reference sequences for the assembly of the Illumina reads of strain F965. Following this strategy, closed chromosomes (chr) were generated for both strains. The genomes of both strains consisted of two chromosomes (chr1 and chr2) with total sizes of 3 238 137 bp (chr1, 2 177 010 bp; chr2, 1 061 127 bp) for strain F60
T and 3 238 138 bp (chr1, 2 177 010 bp; chr2, T and F965 as members of the genus Brucella, representing a single novel species.
Core genome-based phylogenetic trees were reconstructed as described in Blom et al. (2009) using the EDGAR platform. Briefly, the core genome was calculated from the genome of B. melitensis 16M T as the reference genome and the genomes of type strains and biovars of various species of the genus Brucella, using the implemented function of EDGAR. The core genome consisted of 2466 coding sequences. Multiple alignments of the nucleotide coding sequences or their translated products were created for all core genes using MUSCLE (Edgar, 2004) . The geneset alignments were concatenated to one big multiple Bars, 500 nm.
alignment. Finally, phylogenetic trees (nucleic acid and deduced amino acid sequence-based) were generated using the F84 (nucleotide sequences) or Kimura (deduced amino acid sequences) distance matrix and the neighbour-joining method with 200 repetitions as implemented in PHYLIP. In these analyses, strains F60 T and F965 formed a novel sister clade to the classical Brucella (Figs 2 and 3) . Another, more distantly related clade was formed by atypical Brucella strains, including B. inopinata BO1 T , Brucella sp. BO2 and Brucella sp. 83_13. Clustering within the classical Brucella species was similar to that of other studies (Wattam et al., 2009; Whatmore et al., 2014) , demonstrating the close proximity of B. canis to B. suis bv. 4 and the separate position of B. suis bv. 5.
Genes of strains F60
T and F965 that have no orthologues (singletons) in any other species of Brucella were identified using the singletons option of the EDGAR software. A total of 129 singletons were detected, reflecting approximately 5 % of the entire genome. Beside the majority of genes, which were of hypothetical function, two major insertions of non-Brucella origin, one on chr1 and one on chr2, were detected, with sizes of 22 318 and 8071 bp, respectively. Both are flanked by insertion sequences together with tRNAs, indicating horizontal gene transfer. The insertion on chr1 is highly related (99 %) to a sequence from Paracoccus denitrificans, a soil-living, Gram-negative bacterium of the Alphaproteobacteria. It includes several helicases, a restriction modification protein and a protein involved in chromosome segregation. The insertion on chr2 includes a pyrimidine ABC transporter system with 84 % similarity to a system found in O. anthropi. Bacteriophages with the closest match to a phage of Bartonella (70 % similarity) and a second to a phage of Sinorhizobium were also located on chr2 of both strains, as well as a novel mobile element with the closest match (80 % similarity) to a sequence from Neorhizobium galegae (GenBank accession no. HG938355.1). A list of all singletons together with their coding sequences is available in the online Supplementary Material.
In summary, extensive phenotypic and genotypic analyses that clearly extend the required minimal standard procedures of species description in the genus Brucella (Corbel & Brinley Morgan, 1975) demonstrate that isolates F60 T and F965 are members of the genus Brucella, but can be differentiated unequivocally from all established species of this genus, including their biovars. Hence, by applying the Brucella species concept suggested by the ICSP Subcommittee on the Taxonomy of Brucella (Osterman & Moriyó n, 2006) , the two strains represent a novel species of the genus Brucella, for which we propose the name Brucella vulpis sp. nov. Differentiating physiological reactions between B. vulpis sp. nov. and other species of the genus Brucella are given in Table 1. B. vulpis sp. nov. is characterized by the presence of additional genetic material derived from soil-associated bacteria such as Ochrobactrum, Paracoccus, Rhizobium and Bartonella, suggesting a reservoir in soil and gene acquisition by horizontal gene transfer. Based on the phylogenetic reconstructions, B. vulpis sp. nov. and other atypical brucellae such as B. inopinata and as-yet unclassified strains BO2 and 83-13 might represent ancestral species relative to the host-adapted classical Brucella species, which have undergone further genome reorganization and reduction. Further research, including comparative genomics and molecular 
